ABSTRACT A six-wheel driving system with a variable wheelbase is proposed to improve the passing ability of unmanned vehicles. As the first step, the effect of the wheelbase variation on the axle load distribution is analyzed. Next, the relationship between the wheelbase variation and rolling resistance is obtained by numerical calculation combined with the theory of terramechanics, and it shows that the traction performance of the vehicle can be optimized by adjusting the wheelbase. Considering the deformation of tires and soil, the mechanism of the effect of the change in wheelbase on the ability of the vehicle to overcome an obstacle and cross a trench is studied, and a variable-wheelbase strategy for a vehicle overcoming an obstacle and crossing a trench is then proposed on the basis of theoretical calculations. Finally, the rationality of the variable-wheelbase strategy is verified in simulation experiments.
wheel-leg driving system from the perspective of changing the configuration. The Harbin Institute of Technology has designed two types of wheel-leg driving system by adding active joints to the balanced suspension, which enhances the traction performance of vehicles [14] , [15] . The PAW robot [16] designed by McGill University in Canada, Hylos robot [17] developed by the French Pierre and Marie Curie University, SRR robot [18] , and Multi-tasking Rover [19] of the University of San Diego in the United States are all wheel-leg robots with four legs. The passing ability of robots having the wheel-leg driving system is appreciably enhanced, but there are also obvious disadvantages in that the transmission structure and control are complex and the load carrying capacity is poor.
To develop a wheeled driving system that has a good carrying capacity and can be applied to small-and medium-sized unmanned vehicles, Carnegie Mellon University designed a new-configuration active suspension and applied it to a series of unmanned vehicles called Spinner [20] , Crusher [21] , [22] , and APD [23] . The driving systems of Crusher, Spinner, and APD are similar. The driving system of Crusher adopts a single-trailing-arm active suspension and has a good carrying capacity. The single-trailing-arm suspension has poor steering maneuverability owing to its structural characteristics [24] . In addition, the active suspension of Crusher has a poor ability to adjust the driving system configuration, which limits the obstacle-crossing performance of the vehicle.
The Renault Zoom concept car, which can change wheelbase, was proposed in 1992 [25] . This concept car is the first vehicle to have a variable wheelbase and can minimize the vehicle footprint by adjusting the wheelbase to park in tight spots more easily. In 2011, Goodarzi proposed a concept car in which the front and rear axles move longitudinally relative to the frame. The main goal of developing this concept is to improve the road handling and stability of vehicles [26] . In 2017, Goodarzi expanded the concept car so that different wheels can change longitudinal position individually [27] . The purpose of the variable-wheelbase concept car proposed by Goodarzi is to provide a new method of vehicle yaw control. These two concept cars are still in the conceptual design stage, without corresponding structural design as support.
The main innovation of the present paper is to propose a variable-wheelbase driving (VWD) system, complete the structural design of the wheelbase variable travel system, and turn the concept of wheelbase change into reality. The VWD system is applied to unmanned vehicles with high requirements for passing ability and carrying capacity, thus enhancing the traction performance, obstacle-crossing performance, and trench-crossing performance.
The analysis scheme of the present paper is shown as Fig. 1 . Section II presents the design of the mechanical structure of the wheelbase variable travel system and analyzes the load of each axle. Owing to the difference in the passing performance of vehicles with different wheelbases, the adjustment of the wheelbase can be used to optimize the performance. To this end, combined with the theory of terramechanics and vehicle theory, the effect of wheelbase variation on traction performance is analyzed in section III. Section IV analyzes the effect of a wheelbase change on the obstaclecrossing ability combined with mechanics theory and terramechanics theory. According to the numerical analysis results, the wheelbase change strategy of the vehicle in the obstacle-crossing process is proposed. Section V analyzes the effect of the wheelbase change on the obstacle-crossing ability and proposes a wheelbase change strategy for the obstacle-crossing process. Finally, section VI verifies the effectiveness of the wheelbase change strategy in the process of obstacle crossing and trench crossing through simulation experiments. A simulation comparison with the Crusher driving system further illustrates the advantages of the VWD system.
II. VWD SYSTEM A. DESIGN OF THE VWD SYSTEM
As an important component of an unmanned vehicle, the driving system comprises a power system, body system, and control system. These three systems are installed on the driving system, and the driving system is thus subjected to the vehicle load and forces generated by the road surface. The driving system provides the hardware foundation for the control system. The combination of the control system and driving system realizes the correct control of the driving state of unmanned vehicles, and the performance of the driving system thus determines the driving performance of the unmanned vehicle to a large extent. Figure 2 shows the structure of the VWD system. Each wheel is driven by a hub motor mounted inside the wheel. The wheel assembly is connected to the frame through an independent double-wishbone suspension. The elastic component of the suspension is a hydropneumatic spring. The front and rear axles are each equipped with an independent steering mechanism, which changes the steering angles of the wheels through the expansion and contraction of a hydraulic cylinder. The middle axle is moved longitudinally along the frame by a wheelbase adjustment mechanism. The structure of the wheelbase adjustment mechanism is shown in Figure 3 . The mobile bracket is connected to the slide on the frame through the slider at the bottom. One end of the hydraulic cylinder is fixed to the frame while the other end is connected with the mobile bracket. The telescopic movement of the hydraulic cylinder causes the mobile bracket to move longitudinally on the frame. When the mobile bracket is in the initial position, the pushrods push the tapered pins on both sides into the positioning holes in the locking parts, and the locking part is fixed on the frame. After the tapered pins on both sides enter the positioning holes, the position of the middle axle is locked to ensure the reliability of the VWD system during normal operation. When the middle axle is moved to other positions, the position lock is realized by the self-locking function of the hydraulic cylinder. Guide wheels are mounted on both sides and top of the mobile bracket to ensure reliable movement of the mobile bracket. Figure 4 shows the main structural parameters of the vehicle. The meanings and values of all parameters are given in Table 1 . Limited by the structure of driving system, the wheelbase from the front axle to the middle axle l 1 has a maximum value of 2.1 m and a minimum value of 1.1 m.
B. AXLE LOAD OF VWD
The axle load is an important factor affecting the passing ability of a vehicle. Analysis of the passing ability of a vehicle first requires analysis of the load acting on each axle. For the VWD system proposed in this paper, a change in wheel- base affects not only the point on the ground supporting the vehicle, but also the load acting on each axle. It is therefore necessary to analyze the effect of the wheelbase change on the axle load distribution. Figure 4 shows the mechanical analysis of the vehicle when the vehicle is stationary on a horizontal road surface. The meaning of each structural parameter of the vehicle is given in Table 1 . l 1 is the distance between the front and middle axles while l 2 is the distance between the middle and rear axles. The sum of l 1 and l 2 is l, which is the wheelbase of the front and rear axles; l = 3.2 m.
The balance equation of the forces and the balance equation of the moments are derived from Fig. 3 as
The relationship between the load acting on each axis and the spring deflection is expressed as
where δ i is the suspension deformation. The relationship of the deformations of different suspension springs is expressed as
The load acting on each axle is obtained from equations (1)- (4) as
When the vehicle is stationary or travels at a constant speed on a road with a slope θ, the force and moment balances and the geometric relationship of the suspension deformation give
After some mathematical operations, the general form of the axle load is obtained as
Figure 5(a) shows the relationship between the wheelbase l 1 and the load acting on each axle obtained by substituting the parameter values in Table 1 into Eq. (5) when the vehicle travels on a flat road. It is seen that a change in the wheelbase affects the load on each axle. A decrease in l 1 means forward movement of the middle axle. As the middle axle moves forward, the loads on the front and middle axles decrease and the load on the rear axle increases. When the middle axle moves backward, the load on the front axle increases and the loads on the rear and middle axles decrease. The load on the middle axle is a maximum when the middle axle is at its initial position. Figure 5(b) shows the effect of the wheelbase change on the axle load when the vehicle is driving on a 30 • slope. It is seen that the trends of the changes in loads on the front and rear axles as the vehicle changes wheelbase on the sloped road are consistent with those for the flat road surface. The difference is that the load on each axle changes and the difference between loads on different axles increases as the middle axle moves. In addition, the load on the middle axle increases with backward movement of the middle axle.
III. ENHANCING THE TRACTION PERFORMANCE USING A VWD SYSTEM
The traction is the most important parameter with which to evaluate the tractive performance for the vehicle with constant weight. Traction refers to the ability of a vehicle to accelerate, climb, or pull a load. Traction is usually denoted DP and is defined as the difference between the soil thrust and driving resistance:
where H is soil thrust and R is driving resistance. Equation (8) reveals that a method of increasing traction is to increase the soil thrust or reduce the driving resistance.The maximum soil thrust depends on the wheel driving torque or soil adhesion, where the soil adhesion is the limit of the tangential reaction of the ground to the tire [28] . If the driving force generated by the wheel drive torque is less than the adhesion force, the maximum soil thrust is equal to the driving force, and the driving torque depends on the torque output of the hub motor. Therefore, when the torque output from the hub motor reaches a peak, the traction performance can only be enhanced by reducing the running resistance. When the driving force generated by the wheel drive torque is greater than the adhesion, the maximum soil thrust is equal to the adhesion. The adhesion is related to soil characteristics, which are uncontrollable factors. Reducing the driving resistance is therefore an important way of improving the traction performance of vehicles. This section thus investigates the reduction of driving resistance through wheelbase changes.
The driving resistance mainly comprises rolling resistance and grade resistance. The grade resistance depends on the slope of the road and cannot be controlled, thus the effective way of reducing the driving resistance is to reduce the rolling resistance. When a vehicle drives along a soft road, wheels of the rear axle pass over soil compacted by wheels of the front axle. The soil characteristics therefore change, resulting in different coefficients of rolling resistance for each axle. The average rolling resistance coefficient f cp of the vehicle is calculated as
where
is the rolling resistance coefficient of an axle load. Equation (9) shows that the load distribution of each axle affects the running resistance of the vehicle.
If
, increasing the rear-axle load helps reduce the rolling resistance of the vehicle when the weight of the vehicle is constant. When the vehicle is driving on a soft road, the curved surface of the tire that is in contact with the soil can be divided into two surfaces (i.e., surfaces AB and BC as shown in Fig. 6 ). Surface AB is a curved surface that pushes the soil forward, while surface BC is a horizontal surface that compacts the soil. For the sake of simplicity, surface AB during the calculation is expressed as a surface at an angle α to the vertical line, where α is a parameter related to the size and stiffness of the tire. The friction of the soil acting along the side of a tire is negligible in that the soil pressure is perpendicular to surface BC. From the pressure principle of granules on a support wall, the rolling resistance P is obtained as
where γ e is the weight of the soil in its natural state and h is the depth of the rim [29] . K is a factor related to the type and size of the tire and the type and condition of the soil and can be expressed as
where φ is the internal friction angle of the soil. The coefficient of rolling resistance is expressed as
where D is the diameter of the wheel and ω n (i = 1, 2, 3) is an empirical coefficient that reflects the deformation characteristics of the soil. The rim depth is therefore
where f n is the rolling-resistance coefficient of the wheel when the wheels pass along the same track for the nth time.
It is assumed that that the density of the soil increases by a factor of ν n when a wheel rolls over the soil for the second time or a rear wheel of the vehicle passes along the track of a front wheel. The value of ν n varies from 1.05 to 1.16 as the soil changes. Equation (13) is rewritten as
It follows from the definition of rolling resistance that
Combining Eqs. (13) and (15) gives the relationship between the load on the wheel and the rolling-resistance coefficient:
The above formula gives the rolling-resistance coefficient of each wheel. The average rolling-resistance coefficient of the vehicle when traveling on a soft road surface is then obtained as
where ν 1 = 1 and η i is the axle-load distribution coefficient. The relationships between the distribution coefficients of the axles can be obtained from Eqs. (1) and (2) as
The average rolling-resistance coefficient can therefore be further simplified to
The rolling resistance of the vehicle on a flat surface is
The rolling resistance of the vehicle on a sloped surface is
If df cp /dη 3 = 0, then
The optimum distribution coefficient of the axle load can be determined using Eq. (22) . The equation shows that the value of η 3 depends on vehicle structural parameters, a multiple of the soil characteristic parameter ω n , and a multiple of the change in soil density ν n and is independent of the diameter D of the wheel, bulk density γ e of the soil in the natural state, and coefficient K . The soil parameters do not change during the running of the vehicle and it is thus impossible to actively change the distribution coefficient of the axle load for conventional vehicles whose structural parameters are constant. However, the VWD system proposed in this paper can change the axle load distribution coefficient by adjusting the wheelbase such that the rolling resistance is minimized. The wheelbase that minimizes the rolling resistance can be calculated by substituting the values of vehicle parameters in Table 1 into Eqs. (22) and (18) . The soil parameters in the calculation are
The relationship between the rolling resistance for different slopes and the wheelbase l 1 can be obtained by substituting the obtained optimal wheelbase into Eq. (21), as shown in Fig. 7 . The figure reveals that the rolling resistance of the vehicle increases with l 1 when the vehicle travels on a flat road. The effect of l 1 on the rolling resistance of the vehicle weakens as the slope of the road increases. When the road slope is 10 • , the change in l 1 has a weak effect on the rolling resistance; however, as the slope further increases, the rolling resistance of the vehicle decreases with an increase in l 1 . Therefore, when the vehicle is traveling on a soft road with zero slope, the middle axle should be moved forward to reduce l 1 , thereby reducing the rolling resistance during the running of the vehicle. When the gradient of the road exceeds 10 • , the middle axle should be moved backward to reduce the rolling resistance.
IV. ENHANCING THE ABILITY OF A VEHICLE TO OVERCOME A STEP OBSTACLE
Obstacles encountered by unmanned vehicles in the field can simply be divided into two categories: trenches and step obstacles. Therefore, the vehicle's ability to overcome obstacles is usually evaluated using the maximum height of a step obstacle that can be overcome and the maximum width of a trench that can be crossed.
This section derives the relationship between vehicle parameters and the ability of overcoming a step obstacle through mechanical analysis. The vehicle travels slowly while overcoming the obstacle such that the effect of the inertial force can be ignored. Figure 8 shows the mechanical analysis of the vehicle overcoming an obstacle. In the figure, µ is the ground adhesion coefficient, N O is the positive pressure of the step obstacle acting on a front-axle wheel, and other parameters have the same meaning as in Fig. 4 . The mechanical analysis model of the vehicle overcoming an obstacle can be established from the force balance, moment balance, and geometric relationship of suspension deformation. The relationship between the obstacle height and parameters of the vehicle can be calculated using the model [30] . However, the tire and soil deformation are not considered in the mechanical analysis model, and the obstacle height obtained is therefore not sufficiently accurate.
Tire and soil deformation are considered in calculating the exact obstacle height. Taking the wheel as the analysis object, forces relating to the wheel are shown in Fig. 9 . The sinking depth relative to the ground before the wheel overcomes the obstacle is denoted h zs as shown in Fig. 9(a) . The wheel drive torque is denoted T W , the wheel radius is denoted r, and the load on the wheel is denoted Wi. R z is the vertical force and F W is the thrust of the soil acting on the wheel. As shown in Fig. 9(b) , the tire deforms when the wheel is in contact with the obstacle, and the magnitude of tire deformation in the contact part is denoted h n .
The normal force of the obstacle acting on the wheel is denoted F n , the tangential force acting on the wheel is denoted F t , and the thrust of the vehicle body acting on the wheel is denoted F frame . Figure 9 (c) shows that R z and F W gradually decrease to zero as the wheel is lifted. At this time, the bottom of the wheel is no longer in contact with the ground, and the angle between F n and the vertical direction is denoted α.
The force balance in radial and tangential directions of the tire gives
The geometric relationship in Fig. 7 (c) gives
The normal and tangential forces in the contact region of the wheel and obstacle have the relationship [31] 
where µ p is the coefficient of adhesion between the wheel and the corner of the obstacle, with the adhesion coefficient being 20%-30% higher than the coefficient of adhesion between the wheel and ground [32] . An expression for h 0 is obtained from Eqs. (23)- (25):
Equation (26) shows that the obstacle height is related to the wheel radius r, wheel sinking depth h zs , wheel load W i , thrust F frame of the vehicle body acting on the wheel, coefficient of adhesion µ p for the wheel and obstacle, angle γ between the wheel plane and obstacle plane, and deformation of the portion of the tire in contact with the obstacle. Among the above parameters, the wheel sinking depth h zs , tire deformation h n , and adhesion coefficient µ p are related to soil and tire characteristics, and the wheel radius r is known. The load W i acting on the wheel and vehicle thrust F frame acting on the wheel are related to vehicle parameters. The structural parameters are constant, except that the wheelbase can be changed by the wheelbase adjustment mechanism.
Assuming that the loads acting on coaxial wheels are the same, the coefficient of adhesion between the wheel and road surface is µ. The thrust F frame of the vehicle body acting on VOLUME 7, 2019 the wheel in Eq. (23) can be further calculated through force analysis of the vehicle as
Equation (26) is further simplified to obtain the obstacle height of the front-axle wheel:
Equation (29) shows that in addition to the structural parameters of the vehicle, the wheel sinking depth h zs and the wheel deformation h n also affect the obstacle height that can be overcome. Obtaining the wheel sinking depth requires the determination of whether the wheel is considered a rigid wheel or an elastic wheel under given driving conditions. The condition for determination is whether the sum of the tire pressure p i and the pressure produced by the stiffness of the carcass p c is greater than the pressure at the lowest point of the tire-to-ground contact surface. If p i + p c < p cr , the wheel can be regarded as an elastic wheel and the road is hard. The wheel sinking depth h zs can be calculated as [31] 
where k c is the cohesion modulus of soil deformation, k ϕ is the friction coefficient of soil deformation, and n is the exponent of soil deformation. If p i + p c > p cr , the wheel is regarded as a rigid wheel and the road is soft. In this case, the wheel sinking depth is determined as
The wheel deformation can be calculated from the normal contact force acting between the tire and obstacle and the vertical stiffness of the tire C T :
where F n is obtained from Eq. (23) as
The relationship between the height of the obstacle and the wheel load can now be obtained using Eqs. (23)-(33) . When the wheel behaves like an elastic wheel, the obstacle height can be calculated as
When the wheel behaves like a rigid wheel, the obstacle height can be calculated as
The vehicle proposed in this paper adopts large-pattern off-road tires of size 305/80R20. Characteristic parameters of the vehicle are given in Table 2 . Characteristic parameters of clay for numerical calculation are also listed in Table 2 . Tables 1 and 2 are substituted into Eqs. (34) and (35) to obtain the effect of the change in wheelbase on the obstacle crossing performance. The relationship between the load of the wheel and the height of the obstacle that can be crossed by each axle of the vehicle is calculated through numerical calculation in MATLAB, as shown in Fig. 10 . The figure shows that the wheel has the best obstacle-crossing ability when the wheel load is 2900 N. When the wheel load exceeds 2900 N, the height of the obstacle gradually decreases as the wheel load increases. Assuming that two coaxial wheels are subject to the same load, Fig. 5 shows that the wheel load variation range is 3600-4860 N. Figure 10(a) shows that the obstacle height changes from 308 to 415 mm when the wheel load changes from 4860 to 3600 N (i.e., the wheel behaves as an elastic wheel on a hard road). Figure 10(b) shows that the obstacle height changes from 344 to 459 mm when the wheel load changes from 4860 to 3600 N (i.e., the wheel behaves as a rigid wheel on a soft road).
Parameters listed in
The wheel load adjustment improves the obstacle-crossing ability of the wheels in both cases. The load of the axle that is about to cross the obstacle should therefore be minimized to optimize the obstacle-crossing ability within the range of wheel load variation. When the front axle crosses an obstacle, the wheelbase of the front and middle axles l 1 should be reduced to reduce the wheel load of the front axle. When the rear axle crosses an obstacle, l 1 should be increased to reduce the wheel load of the rear axle. l 1 has little effect on the wheel load of the middle axle, and the middle axle is thus unchanged when it crosses the obstacle. The following wheelbase adjustment strategy for a vehicle crossing an obstacle is proposed on the basis of the above analysis. During the wheelbase adjustment, only the position of the middle axle is adjusted, and the positions of the front axle and rear axle relative to the frame are fixed.
• The middle axle moves forward to reduce l 1 to a minimum value (1.1 m) before the vehicle crosses the obstacle, so that the front-axle wheel load is reduced.
• After the front axle crosses the obstacle, l 1 remains unchanged (l 1 = 1.1 m) and the middle axle overcomes the obstacle.
• After the middle axle crosses the obstacle, the middle axle moves backward to increase l 1 to a maximum value (2.1 m), so that the rear-axle wheel load is reduced as the vehicle continues to travel.
• After the rear axle crosses the obstacle, the middle axle moves forward to the initial position (l 1 = 1.6 m). In general, if the wheel is running on a soft road, the obstacle height that can be crossed using the wheelbase adjustment function increases from 344 to 459 mm. If the wheel is on a hard road, the obstacle height that can be crossed increases from 308 to 415 mm, and the ability of the vehicle to pass an obstacle is obviously enhanced. Figure 11 presents the analysis of a wheel crossing a trench with a width smaller than the diameter of the wheel. The geometry in the figure gives the relationship between the height of the obstacle and the width of the trench that can be crossed:
V. ENHANCING THE ABILITY OF A VEHICLE TO CROSS A TRENCH
where h 0 is the obstacle height under the condition that the wheelbase is constant. The calculated trench width is 0.88 m if h 0 is 0.35 m. Two-axle and three-axle vehicles with a fixed wheelbase cannot overcome trenches with a width greater than the diameter of the wheel. A two-axle vehicle will roll over when its front axle crosses a trench with a width greater than the wheel diameter. There are two cases of a three-axle vehicle overturning depending on the position of the center of gravity (CG). If the CG is between the front and middle axles, the vehicle rolls over as the front axle crosses the trench, as shown in Fig. 12(a) . If the CG is between the middle and rear axles, the vehicle rolls over as the rear axle crosses the trench, as shown in Fig. 12(b) . For the VWD system proposed in this paper, the trench can be crossed by adopting the wheelbase change strategy shown in Fig. 13 .
• The front axle moves forward to the front end (l 1 = 1.1 m) before the front axle crosses the trench as shown in Fig. 13(a) .
• As the vehicle travels, the front-axle wheels are suspended and the vehicle is supported by the wheels of the middle and rear axles as shown in Fig. 13(b) .
• After the front axle crosses the trench, the middle axle moves backward to the rear end (l 1 = 2.1m) as shown in Fig. 13(c) .
• As the vehicle travels, the middle axle passes over the trench as shown in Fig. 13(d) .
FIGURE 12. Three-axle vehicle crossing a trench.
• With the position of the middle axle unchanged (l 1 = 2.1 m), the rear axle crosses the trench. When the rearaxle wheels are suspended, the vehicle remains stable through the support of wheels of the front and middle axles as shown in Fig. 13 (e).
• After the vehicle crosses the trench, the middle axle moves forward to the initial position (l 1 = 1.6 m) as shown in Fig. 13(f) . Via the adoption of this strategy of crossing a trench, the width of the trench that can be crossed exceeds the wheel diameter. The geometric analysis of the variable-wheelbase vehicle crossing a trench is shown in Fig. 14. The maximum width of a trench that can be crossed is calculated as
where l 1min is the wheelbase of the front and middle axles when the middle axle moves to the front end; l 1min = 1.1 m. Substituting parameters into equation (37), it is seen that the width of the trench that can be crossed after adopting the variable-wheelbase strategy increases to 1.54 m. Compared with the width of the trench that can be crossed (0.88 m) under the condition of a constant wheelbase, the ability of the vehicle to cross a trench is improved by adopting the variablewheelbase strategy.
VI. SIMULATION A. SIMULATION OF OVERCOMING AN OBSTACLE
A dynamic simulation model is established in ADAMS software to verify the effectiveness of the variable-wheelbase strategy for a vehicle overcoming an obstacle. The characteristic parameters of a tire in the model are taken from Table 2 . The road spectrum is established using finite element software, and the height of the step obstacle in the road spectrum is 0.4 m. The simulation model is run after designing simulation steps according to the proposed variable-wheelbase strategy. The process of a vehicle overcoming an obstacle in ADAMS is shown in Fig. 15 . In preventing the wheels from being suspended, the hydropneumatic spring is adjusted to reduce the height of the vehicle body before the vehicle overcomes the obstacle, and the middle axle is then moved forward and the vehicle configuration changes from that in Fig. 15(a) to that in Fig. 15(b) . Figure 15 (c) shows that the front-axle wheels overcome the obstacle with the movement of the vehicle. Keeping a constant wheelbase, the middleaxle wheels begin to overcome the obstacle as the vehicle continues to drive, as shown in Fig. 15(d) . After the middle axle crosses the obstacle (Fig. 15(e) ), it moves backward to lengthen the wheelbase between the front and middle axles, as shown in Fig. 15(f) . As the vehicle continues to move forward, the rear-axle wheels cross the obstacle as shown in Fig. 15(g) . The simulation ends after the rear axle completes the crossing of the obstacle and the middle axle moves forward to the initial position. For comparative analysis, a vehicle crossing an obstacle with no change in the wheelbase is simulated. Conditions, such as the run time and motion constraints, are set the same as in the previous simulation. Data recorded in the two simulations are shown in Fig. 16 . Figure 16(a) shows the position of the axles in the vertical direction. It is seen that the vertical position of each axle of the vehicle increases by 400 mm during the overcoming of the obstacle with wheelbase adjustment, indicating that each axle successfully overcomes the obstacle. The vertical position of the rear axle does not change when there is no wheelbase adjustment, indicating that the rear axle does not overcome the obstacle. Figure 16(b) shows the speed of the CG in the direction of travel in the two simulations. It is seen that the driving speed of the vehicle gradually decreases to zero at 25 seconds if there is no wheelbase adjustment. Figure 16 (b) is consistent with Fig. 16(a) , illustrating that the rear axle cannot overcome the obstacle without wheelbase adjustment. To further detect the state of the vehicle in the process of overcoming the obstacle, the longitudinal slip ratio of the front-axle wheels and rear-axle wheels is shown in Fig. 16 (c) and (d). A comparison with Fig. 16 (a) and (b) reveals that the slip rate peaks when the wheel is just in contact with the obstacle, and the running resistance is greatest at this time. Each wheel therefore has a different degree of slippage. Front-and rear-axle wheels are always in a fully slipping state if the rear axle is over the obstacle without any adjustment of the wheelbase, which once again verifies that the rear axle cannot overcome the obstacle.
According to the two simulations, the obstacle height that vehicles can cross is more than 400 mm after applying the wheelbase adjustment strategy, while the obstacle height that vehicles not applying the wheelbase adjustment strategy can pass is less than 400 mm. This conclusion is consistent with the numerical results. The data recorded in the two simulations also verify the validity and importance of the variable-wheelbase strategy when a vehicle overcomes an obstacle.
B. SIMULATION OF CROSSING A TRENCH
The process of crossing a trench is similarly simulated to verify the effectiveness of the variable-wheelbase strategy when a vehicle crosses a trench. The width of the trench in the simulation is 1.5 m. The simulation is run according to the proposed variable-wheelbase strategy. Simulation data are shown in Fig. 17 . Figure 17(a) shows the position of the CG in the vertical direction while Fig. 17(b) shows the wheel load of each axle. Figure 17 (b) reveals that the load on front-axle wheels is 0 N in the period from 7 to 9 s, indicating that the front-axle wheels are suspended at this time. The transfer of the front-axle load to the middle axle greatly compresses the middle-axle suspension and reduces the height of the CG. During the period from 11 to 16 s when the middle axle crosses the trench, the load of the middle axle is evenly transferred to the front and rear axles and the height of the CG decreases less. During the period from 17 to 19 s when the rear axle crosses the trench, the load of the rear axle is transferred to the middle axle, resulting in a drop in the CG. After 19 s, the rear axle passes the trench and gradually bears a load. Each axle thus passes over the trench in turn. The ability of the vehicle to pass over the 1.5-m trench verifies the feasibility of the variable-wheelbase strategy for a vehicle crossing a trench.
C. COMPARISON WITH THE OBSTACLE-CROSSING PERFORMANCE OF CRUSHER
At present, the driving system applied to the Crusher series of unmanned vehicles is the most similar to the driving system of the VWD system proposed in this paper. To further evaluate the passing ability of the VWD system, the obstacle-crossing performance of the Crusher driving system is compared with that of the VWD system. The driving system of Crusher is driven independently by six wheels, using active suspension with a trailing arm. The suspension structure is shown in Fig. 18 . The simulation model based on its structure is shown in Fig. 19 . To ensure comparability, the wheelbase of the Crusher driving system is set to be the same as the initial wheelbase of the VWD system, using the same tire and hydropneumatic springs. After setting the same constraints and driving conditions as for the VWD system in the simulation, the simulation of crossing a 0.4-m step obstacle is run. The simulation video is provided in the supplementary material, and the vertical positions of the centers of axles are measured as shown in Fig. 20(a) . The figure reveals that the vertical position of each axle wheel is increased by 400 mm in turn, indicating that the wheels of each axle pass the obstacle. Compared with Fig. 16(a) , the vertical position change curve of each axle of the Crusher driving system is not sufficiently smooth. The front-axle wheels vibrate obviously during the obstacle-crossing process, and the obstaclecrossing stability is therefore not as good as that of the VWD system. Figure 20(b) shows the changes in vertical positions of the axles as the vehicle crosses a 1.5-m trench, with the vertical position of the road surface being zero. The figure reveals that the initial vertical position of each axle is 465 mm and the front-axle wheels starts to cross the trench at 2 s. During the process, the wheels of the front axle fall below the road surface and the vehicle pitches, which lifts the wheels of the rear axle. As the vehicle continues to move forward, the wheels of the rear axle fall into the trench together with the wheels of the middle axle. The vertical change in position of wheels indicates that the vehicle with the Crusher driving system cannot cross the 1.5-m trench. In general, the Crusher driving system can overcome the 0.4-m obstacle like the VWD system, but the stability is poor, and the ability to cross the trench is also weaker than that of the VWD system. 
VII. CONCLUSION
The present paper proposed a VWD system and completed the structural design, turning the concept of a changing wheelbase into reality.
The major findings of the study are as follows.
• A VWD system can enhance the traction performance, obstacle-crossing performance, and trench-crossing performance of an unmanned vehicle.
• The running resistance of the vehicle on a soft road can be reduced through changing the axle load by adjusting the wheelbase, so that the traction of the vehicle increases when the driving force is constant, and better traction performance is obtained.
• The obstacle-crossing ability of each axle can be optimized by changing the wheelbase during the crossing process. By changing the wheelbase during the crossing process, the obstacle height that can be crossed is increased by 115 mm if the wheel behaves as a rigid wheel and by 107 mm if the wheel behaves as an elastic wheel. A simulation experiment revealed that if the proposed variable-wheelbase strategy is not adopted, the rear axle cannot overcome a 0.4-m step obstacle, while the vehicle can overcome a 0.4-m step obstacle when applying the proposed variable-wheelbase strategy, thus verifying the rationality of the variablewheelbase strategy.
• The VWD system can change the support surfaces provided by the ground for the middle axle via a change in the wheelbase, such that the CG is always between the support surfaces of two axles when the vehicle crosses a trench. This ensures driving stability and changes the height of trench that can be crossed from 0.88 to 1.54 m. In a simulation experiment, the vehicle could cross a 1.5-m trench when adopting the wheelbase change strategy, which verifies the correctness of the theoretical calculation and the effectiveness of the wheelbase change strategy.
• Although the Crusher driving system with active suspension can overcome a 0.4-m step obstacle like the VWD system, its obstacle-crossing stability is poor. In addition, simulation experiments verified that the Crusher does not have the ability to overcome a 1.5-m trench. At present, the first prototype is in the debugging stage, and some bench tests have been carried out. Next, we will build a 0.4-m step obstacle and a 1.5-m trench, verify the vehicle's ability to cross the trench and the obstacle through the test, and the wheel force transducers (WFT) will be purchased to measure the tire force during the experiment. 
